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In vivo visualization of angiotensin II- and tubuloglomerular Renal afferent and efferent arterioles contribute most
feedback-mediated renal vasoconstriction. importantly to the regulation of renal hemodynamics,
Background. A noninvasive technique to monitor renal mi- and the balance between these microvascular tones con-
crocirculation would be a useful tool for investigation of renal
stitutes a crucial determinant of glomerular capillarydisease and the effects of drugs on the renal system. We have
pressure and glomerular filtration. Several experimentaldeveloped a novel, less invasive technique to visualize renal
models have attempted to characterize the reactivity ofmicrocirculation in vivo using an intravital tapered-tip (1 mm ø)
lens-probe (pencil lens-probe) videomicroscopy, which only re- renal microvessels to various vasoactive stimuli in vitro
quires insertion of the probe into superficial renal cortex in situ. or ex vivo, including isolated perfused microvessels [1–3],
Methods. To assess validity of this technique, the effects of juxtamedullary nephrons [4], and hydronephrotic kid-
angiotensin II (Ang II) and intrarenal sodium chloride loading
neys [5, 6]. Most of these methods for direct visualization(activator of tubuloglomerular mechanism) were examined.
of the renal microcirculation, however, require artificialThe renal microvasculature was successfully visualized and
manipulation, such as isolation of kidneys or renal mi-monitored.
Results. Administration of Ang II (1, 3, 10 and 30 ng/kg/ crovessels and induction of hydronephrosis. In addition,
min) produced a dose-dependent constriction of afferent and renal tubular elements greatly impair the direct observa-
efferent arterioles in similar degrees; at 30 ng/kg/min, Ang II tion of renal microcirculation. Therefore, it is extremely
elicited 52  3 (N  9) and 53  3% decreases in diameter difficult to assess the behavior of these microvessels in(N  9), respectively. The Ang II-induced arteriolar constric-
an intact in vivo and in situ setting.tion was completely prevented by losartan, an Ang II type 1
Our laboratory has recently succeeded in visualizing(AT1) antagonist. The intrarenal hypertonic saline administra-
tion elicited transient increments (from 98  8 to 122  7 mL/ the in vivo and in situ coronary microcirculation with
min, N  6, P  0.05), followed by a marked reduction in an intravital needle lens-probe videomicroscopy [7–9].
renal blood flow (RBF; 78 7 mL/min, P 0.05). This response Using this technique, we directly visualized intramural
was accompanied by prominent constriction of afferent (from as well as subendocardial microcirculation by only plac-15.0  1.1 to 8.5  1.1 m, N  6, P  0.05), but not efferent
ing the needle lens probe on the endocardium or in-(from 14.3  1.2 to 13.8  1.0 m, N  3) arterioles. Further-
serting it into the myocardium without further invasivemore, this response was completely inhibited by furosemide,
a tubuloglomerular feedback inhibitor. manipulation required to reduce myocardial movement,
Conclusion. The intravital pencil lens-probe videomicros- such as intramyocardial placement of steel needles [7].
copy can be a powerful tool for in vivo observation of renal The application of this system was extended further by
microcirculation, with intact renal microvascular responses to developing a less invasive intravital pencil-lens probe
two important renal homeostatic mechanisms, angiotensin II
videomicroscopy with a smaller diameter. Because ofand tubuloglomerular feedback.
the miniaturization of the probe with a tapered end, the
physical pressure on the area of investigation and the
manipulation of the surrounding tissue were minimized.Key words: afferent arterioles, efferent arterioles, tubuloglomerular
feedback, renal microcirculation, videomicroscopy, hemodynamics. This novel, less invasive instrument may allow direct
observation of the renal microvasculature without im-Received for publication June 8, 2000
pairment of the communication between the vasculatureand in revised form January 18, 2001
Accepted for publication January 22, 2001 and perivascular tissues that may modulate the vasomo-
tor tone of the adjacent vascular beds. 2001 by the International Society of Nephrology
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This study applied the pencil lens-probe videomicro- Measurement of microvascular diameter
scopic technique to characterize the afferent and efferent After the surgical procedure and instrumentation, the
arterioles of canine kidney, and attempted to elucidate pencil lens-probe was introduced into the superficial cor-
the availability of this method to the in situ renal micro- tex at a depth of several millimeters with a micromanipu-
circulation. To assess the integrity of renal microvascular lator. The probe was moved inside slowly to obtain clear
responsiveness in our experimental setting, the direct ef- images of glomeruli and the adjoining afferent and effer-
fect of angiotensin II (Ang II) was examined on afferent ent arterioles using a three-dimensional micromanipula-
and efferent arteriolar tone. Furthermore, whether intra- tor into smaller parts. After determination of microvas-
renal saline infusion, an activator for the tubuloglomeru- cular area for observation, the probe was pulled back
lar feedback mechanism, altered the renal afferent and several sets of 10 micrometers to avoid direct compres-
sion of the glomerular network. Afferent and efferentefferent arteriolar tone indirectly by the mechanism in-
arterioles were distinguished by the direction of the bloodvolving juxtaglomerular apparatus was also evaluated.
flow. Video images were continuously recorded on video-
cassette tapes.
METHODS The time-sequential images of renal microvessels were
Intravital pencil lens-probe charge-coupled analyzed by a computer (840AV; Apple Computer, Cu-
device videomicroscopy pertino, CA, USA) with a freeze-frame modality. The
density in the gray scale mode was digitized to an arbi-The model of the intravital videomicroscope used in
trary unit along the scanning line across the vessel (Fig.the present study is a modification of a needle lens-probe
1). The difference in the gray scale between the peakpreviously detailed elsewhere [7, 8]. Our newly devel-
value and the noise background level was divided intooped probe exhibits a pointed pencil-like appearance,
quarters. The position with the density of a quarterso it was named the pencil lens-probe; it has a 0.5 inch
higher value above the noise level was identified as ancharge-coupled device (CCD) image sensor with 640 
inner wall, as described previously [7]. The diameters480 pixels. The tip of probe is made of one core lens
were determined by averaging at least five measurementswith one end tapered to 1 mm and surrounded by eight
during the plateau of the response.annular optical fiber light guides arranged centripetally
to illuminate focused renal tissue. Images on the CCD Effects of Ang II on renal microvessels
are converted into color video signals every 33 msec and
After the insertion of the probe, 30 minutes were al-recorded on a videocassette tape. The spatial resolution
lowed for stabilization of systemic and renal hemody-of this system, determined by the use of a United States
namics. Then the basal renal microvessel diameter was
Air Force 1951 test target, is 0.9 m for the600 magni-
evaluated. Following a 10-minute observation of basal
fication on a 15 inch video monitor.
diameter, Ang II (Sigma, St. Louis, MO, USA) was ad-
ministered intravenously at increasing rates of 1, 3, 10,Animal preparation
and 30 ng/kg/min. The diameters of the same segments
Twenty-three adult mongrel dogs (8 to 12 kg) of either were assessed five minutes after Ang II administration.
sex were fed a standard diet (Oriental Yeast Co., Tokyo, In additional experiments, after 20 minutes of losartan
Japan) containing 68 mmol/day sodium and were anes- (10g/kg/min; Banyu, Tokyo, Japan) pretreatment, Ang
thetized with sodium pentobarbital (30 mg/kg, intrave- II (10 ng/kg/min) was administered to examine whether
nously). After intratracheal intubation, each animal was Ang II-induced changes in renal microvascular tone were
ventilated and was supplemented with 40 to 60% oxygen mediated by AT1 receptors.
gas. The left jugular vein was catheterized for infusion
of Ang II or fluid supplement. A 7F catheter was inserted Effects of hypertonic saline on renal microvessels
into the right femoral artery for measurement of systemic Following a 10-minute observation of baseline diame-
blood pressure. A small needle was inserted directly into ter, hypertonic saline (25%) was administered directly
the left renal artery for infusion of hypertonic saline. into the renal artery at a constant rate of 0.1 mL/kg/min
An electromagnetic flow probe (Nihon Kohden, Tokyo, [10]. Then the diameters of the same vascular segments
Japan) was placed around the left renal artery to monitor were assessed for five minutes to clarify whether increases
renal blood flow (RBF). in sodium delivery altered afferent arteriolar tone.
The experimental protocols were approved by the In an additional series of experiments, furosemide was
Committee on Animal Research of Kawasaki Medical administered intravenously at a bolus (5 mg/kg), fol-
School, and the care of all animals used in these experi- lowed by a continuous infusion (16 g/kg/min) to inhibit
ments complied with the guidelines of the National Insti- tubuloglomerular feedback, and the effect of hypertonic
saline on renal vascular tone was reassessed.tutes of Health.
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Fig. 1. In vivo images of glomeruli and the adjoining arterioles and examples of pixel density pattern along the scanning line. The vascular segment
for caliber measurement was rotated to place the segment perpendicular to the scanning line to count the pixel density. The density in a gray
scale model was digitized to an arbitrary unit (A.U.) along the scanning line. Then the difference in the gray scale between the peak value (a)
and the value of mean noise level (d) was divided into quarters. The position with the density of a quarter higher value above the noise level (b)
was identified as an inner wall, and the corresponding diameter was read automatically (c).
Statistical analysis diameters of afferent and efferent arterioles in superficial
nephrons were 16.4  1.2 (N  18) and 14.3  1.0 mResults are expressed as means SE. Mean responses
(N  18), respectively.at each drug concentration were compared using two-
way analysis of variance (ANOVA), followed by a multi-
Effects of Ang II on renal microvesselsple comparison post hoc test. Student t test was used for
Following the administration of Ang II, RBF de-paired comparisons. P 0.05 was considered statistically
creased in a dose-dependent manner, with statistical sig-significant.
nificance attained at doses of 10 (108  5 mL/min) and
30 ng/kg/min (94  10 vs. 159  8 mL/min, N  14).
RESULTS Systemic blood pressure increased linearly from 89  1
mm Hg of control conditions, with statistical significanceInsertion of the CCD probe into the renal cortex offers
clear visualization of renal microcirculation, including at 10 (99 2 mm Hg) and 30 ng/kg/min (124 6 mm Hg).
Angiotensin II constricted both afferent and efferentinterlobular arteries, afferent and efferent arterioles, and
glomerular capillaries (Fig. 1, left). In addition, the appli- arterioles in a dose-dependent manner. Thus, in response
to 3 ng/kg/min Ang II, afferent arterioles exhibited acation of the probe to the renal cortex did not affect
the renal hemodynamics, and RBF remained constant sustained constriction from 17.1  0.7 to 13.0  0.5 m
(N  9, P  0.05), which was a 24  4% decrease frombefore and after insertion of the probe (from 134  9
to 132  12 mL/min, P  0.5, N  23). The baseline baseline. At 10 and 30 ng/kg/min, Ang II elicited 38  2
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Fig. 2. Hemodynamic tracings (top) and representative images of afferent and efferent arteriolar responses to intrarenal hypertonic saline infusion
(bottom). Hypertonic saline elicited a transient increase, followed by a sustained reduction in renal blood flow (RBF). In parallel with the RBF
response, an afferent arteriole exhibited a temporary dilation (B) when compared with that under the control condition (A) and a subsequent
vasoconstriction (C). Further vasoconstriction caused no visible glomerular capillary flow in some nephrons (D).
and 52  3% decrease in diameter, respectively. Simi- P  0.1, N  3). The subsequent addition of Ang II (10
ng/kg/min) had no effect on these systemic and renallarly, efferent arterioles constricted profoundly, with a
decrease in diameter from 15.1  0.5 to 10.8  0.8 m parameters.
(N  9, P  0.05) at 3 ng/kg/min, which was a 29  4%
Effect of hypertonic saline on renaldecrease from the basal diameter. At 10 and 30 ng/kg/
microvascular tonemin, Ang II elicited 40  4% and 53  3% decrements
in diameter, respectively. There was no statistical differ- The administration of hypertonic saline into the renal
ence in the responsiveness to Ang II between afferent artery elicited a transient 24  7% increase (from 98 
and efferent arterioles. 8 to 122  7 mL/min, P  0.05, N  6), followed by a
The administration of losartan tended to reduce sys- marked reduction in RBF (78  7 mL/min, P  0.05),
temic blood pressure (from 91  3 to 82  4 mm Hg, corresponding to a 21  7% decrease from basal RBF.
P  0.1, N  3), but significantly increased RBF (from In parallel with renal hemodynamic responses, following
122  4 to 148  4 mL/min, P  0.05, N  3). Similarly, transient vasodilation (Fig. 2B), afferent arterioles mani-
losartan dilated afferent arterioles (from 15.5  0.4 to fested marked constriction (Fig. 2C), with 44  5% dec-
16.8  0.4 m, P  0.05, N  3) and tended to relax rements in diameter near the glomerulus (from 15.0 
1.1 to 8.5  1.1 m, P  0.05, N  6). The arteriolarefferent arterioles (from 14.4  0.4 to 15.5  0.5 m,
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diameters returned to control values after cessation of settings, the present study demonstrates that the intra-
venous Ang II administration causes marked constrictionsaline infusion. In contrast, the infusion of hypertonic
saline had no effect on efferent arteriolar diameter (from of renal microvessels, with nearly identical constriction
in afferent and efferent arterioles of superficial cortex;14.3  1.2 to 13.8  1.0 m, P  0.05, N  3). In some
glomeruli, the erythrocyte movement stopped during hy- these responses are prevented by an Ang II receptor
antagonist. In contrast, Ito et al found that efferent arteri-pertonic saline infusion, with focal luminal obliteration
of afferent arterioles (Fig. 2D), and in this setting, the oles are more sensitive to Ang II than afferent arterioles
in superficial nephrons [11]. The renal microvascular re-efferent arteriolar diameter decreased. Blood pressure
did not change throughout the experimental protocol. sponsiveness to Ang II may therefore be altered by dif-
ferent experimental settings, including in vivo versus inWhen animals were pretreated with furosemide, it was
obvious that the hypertonic saline-induced vascular re- vitro condition and isolated versus in situ vessels. On
the other hand, it has been demonstrated that the abilitysponse was completely abolished. Thus, furosemide in-
creased afferent arteriolar diameter from 14.6  0.8 to of Ang II to constrict afferent and efferent arterioles
varies depending on the localization of the vessels (that16.8 1.4m (P 0.05, N 3). The subsequent addition
of hypertonic saline failed to constrict afferent arterioles is, superficial and juxtamedullary) [10]. Similarly, our
preliminary study reveals greater constriction of efferent(that is, to 16.6  1.6 m, P  0.5).
arterioles than that of afferent arterioles in juxtamedul-
lary nephrons [12]. Nevertheless, the present study is
DISCUSSION
consistent with the in vivo Ang II action in that Ang II
Despite extensive studies directly assessing the renal increases in filtration fraction despite similar increases
microcirculation [1–6], the experimental methods in in afferent and efferent resistance [4].
these studies require substantial manipulation for obser- The present study has demonstrated that following a
vation of renal microvascular reactivity. We previously transient dilation, the afferent arteriole constricts mark-
established an intravital needle-probe video microscopic edly in response to intrarenal arterial infusion of hyper-
technique, an original type of CCD camera technique, tonic saline. Furthermore, the vasoconstrictor response
to visualize directly subendocardial and intramural coro- is eliminated by furosemide, an inhibitor of the tubulo-
nary microcirculation in dogs in vivo [7–9]. By extending glomerular feedback mechanism. Earlier reports indicated
this technique to the renal microvascular observation that the intrarenal arterial infusion of hypertonic saline
and with substantial improvement of the CCD system caused a transient increase, followed by a sustained de-
in accessibility to renal microcirculation and in spatial crease in RBF [13–15]. They suggested that the initial
resolution, we have demonstrated that the intravital pen- rise in RBF was attributed most likely to osmotic changes
cil lens-probe videomicroscope allows direct in vivo and in renal perfusate, whereas the subsequent fall was medi-
in situ observation of the renal microvasculature. Thus, ated by the tubuloglomerular feedback mechanism
we have visualized renal afferent and efferent arterioles [13–15]. Although the present observations do not pro-
of canine kidneys in situ and in intact settings, with no vide direct evidence for a role of the tubuloglomerular
additional procedures required other than inserting a feedback mechanism in this response, the results clearly
CCD probe into the renal cortex. This improved image demonstrate that the reduced RBF is ascribed to affer-
analysis system, using a CCD sensor with 640  480 ent, but not efferent, arteriolar constriction, observations
pixels and a 600 objective lens, allows minimal optical compatible with the tubuloglomerular feedback mecha-
resolution of 0.9 m, which is sufficient to estimate the nism-induced response. Of note, furosemide per se in-
changes in renal microvascular diameter. Furthermore, creased the afferent arteriolar diameter, suggesting a
the renal microvascular responsiveness to intravenous tubuloglomerular feedback-mediated vascular tone in our
Ang II and intrarenal hypertonic saline strongly suggests experimental setting. In concert, this new method offers
that our experimental model preserves intact renal mi- direct information on the intact communication between
crovascular reactivity to both direct and indirect vaso- renal microvascular and tubular elements that might be
active stimuli. lost or altered under other experimental conditions.
Divergent observations have been reported on the In conclusion, the present study demonstrates that our
renal microvascular responsiveness to Ang II. Steinhau- intravital video microscopy offers a novel approach that
sen et al [10] and our laboratory [6] previously reported allows direct in vivo and in situ visualization of renal
a nearly similar magnitude of constriction of afferent microcirculation. Using this technology, we directly ob-
and efferent arterioles in the hydronephrotic kidney in served the vasoconstrictor response of renal microvessels
vivo and in vitro, respectively. Furthermore, Carmines, to both Ang II and stimulation of tubuloglomerular feed-
Morrison, and Navar have drawn the same conclusion back mechanism, and were able to quantitate the renal
using the juxtamedullary nephron preparation [4]. In microvascular responsiveness in intact, in vivo canine
kidneys. This novel technique could disclose more physi-parallel with the results obtained in these experimental
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control of the renal microcirculation: Effect of blockade by sara-ological responsiveness of the renal microvasculature
lasin. Kidney Int 30:56–61, 1986
and may thus facilitate the characterization of the in vivo 6. Loutzenhiser R, Epstein M, Hayashi K, et al: Characterization
of the renal microvascular effects of angiotensin II antagonist, DuPand intact renal microvasculature.
753: Studies in isolated perfused hydronephrotic kidneys. Am J
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